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Polyphenols are considered to be responsible for some of the health benefits derived from 23 the consumption of red wine. These protective effects might probably be explained in the 24 context of the xenohormesis theory that considers plant metabolites as interespecific 25 chemical signals. However, the complexity of the polyphenolic constituents of different wines 26 makes it difficult to clarify the specific contribution of polyphenols to such effects. In the 27 present work we fractionated the polyphenols of a red wine and evaluated the effect of each 28 polyphenolic fraction on the growth pattern of the yeast Saccharomyces cerevisiae. We 29 observed a different contribution of the phenolic fractions to the xenohormetic response of S. 30 cerevisiae, the fractions that were enriched with red pigments being the most protective 31 against oxidative insults. Moreover, we found that red wine phenolic fractions exert their 32 biological activity through the activation of the Yap1 and Msn2 stress-responsive regulators. 33
Introduction 39 40
Red wine polyphenols has been historically considered as potent antioxidants, with a 41 number of benefits for human health (Sun, et al., 2002 , Corder, et al., 2006 . Epidemiological 42 studies have suggested that a moderate consumption of red wine is correlated with a 43 reduction in the risk of cardiovascular disease and carcinogenesis (German & Walzem, 44 2000) . a hypothesis that proposes the plant stress signalling molecules as interspecific chemicals 51 that are able to regulate different physiological processes in ways that confer health benefits 52 (Howitz & Sinclair, 2008) . Therefore, polyphenols might exert important functions in 53 mammals through the modulation of stress-response pathways rather than acting as direct 54 antioxidant molecules. However, the molecular mechanisms underlying such biological 55 activities have not yet been fully elucidated. 56
The unicellular yeast Saccharomyces cerevisiae is an excellent eukaryotic model for 57 the study of the molecular mechanisms of novel drugs and natural compounds, including 58 polyphenols. Thus, studies with yeast have served to uncover novel genes and regulatory 59 mechanisms involved in important processes such as eukaryotic cell division, proliferation, 60 and cell death (Mager & Winderickx, 2005 , Lisa-Santamaria, et al., 2009 . Also, the use of 61 genome-wide screenings with collections of yeast deletion mutants has helped to identify 62 novel targets of different chemicals and pharmaceutical compounds (Tucker & Fields, 2004) . 63
In particular, S. cerevisiae has been extensively used for the study of oxidative stress, which 64
Analysis of flavanols and phenolic acids. With a view to eliminating the anthocyanins, 118 2 mL of each sample was placed in Oasis MCX cartridges previously conditioned with 2 mL 119 of methanol and 2 mL of water. After a wash in 4 mL of ultrapure water, the flavan-3-ols and 120 phenolic acids were eluted with 8 mL of methanol, the anthocyanins and the flavonols being 121 retained in the cartridge. A small volume of water was added to the eluate and concentrated 122 under vacuum at a temperature of less than 30 °C until complete elimination of the methanol. 123
The volume of the aqueous residue was adjusted to 500 µL with ultrapure water (MilliQ), 124 filtered, and analysed using an HPLC-DAD-MS system with a Waters Spherisorb® S3 ODS-125 2 reverse phase, 3 µm, 150mm×4.6mm column (Waters, Ireland) thermostatted at 25 °C. The 126 mobile phase was (A) 2.5% acetic acid, (B) acetic acid/acetonitrile (90:10, v:v), and (C) 127 HPLC-grade acetonitrile. The elution gradient established ranged from 0 to 100% B for 5 min; 128 from 0 to 15% C for 25 min; from 15 to 50% C for 5 min, and isocratic 50% C for 5 min, at a 129 flow rate of 0.5 mL/min. Detection was carried out at 280 nm (flavanols) and 330 nm 130 (phenolic acids). Spectra were recorded from 220 to 600 nm. 131
132
MS conditions. Mass analyses were performed using a Finnigan TM LCQ ion-trap 133 instrument (Thermoquest, San Jose, CA, USA) equipped with an electrospray ionisation 134 (ESI) interface. The LC system was connected to the probe of the mass spectrometer via the 135 UV cell outlet. Both the sheath gas and the auxiliary gas were a mixture of nitrogen and 136 helium. The sheath gas flow was 1.2 L/min, and the auxiliary gas flow was 6 L/min. The 137 capillary voltage was 26 V for anthocyanins and flavonols; 11 V for flavanols, and 10 V for 138 phenolic acids and flavanols. The source voltage was 4.5 kV for anthocyanins, flavonols and 139 flavanols, and 2.5 kV for phenolic acids. The capillary temperature was 195 ºC. Spectra were 140 recorded in positive-ion mode between 120 and 1500m/z. ∆pnc1 were obtained by a PCR-based gene-replacement strategy (see Table S1 for primer 161 sequences) using a loxP-NatMX-loxP replacement cassette flanked by recombinogenic 162 sequences for the corresponding target gene (Guldener, et al., 1996) . This method enables 163 to eliminate and subsequently reuse the selection marker by expressing a Cre recombinase 164 as described (Guldener, et al., 1996) . The triple mutant ∆msn2, ∆msn4, ∆pnc1 was obtained 165 using the above strategy in a ∆msn2, ∆pnc1 genetic background. Table S1 . All real-time PCR reactions were performed in duplicate and in at 220 least two independent experiments. Quantitative analyses were carried out using the 221
LightCycler 480 software. 222
Results

224
Phenolic composition of the wine fractions 225
A red wine was fractionated into nine different fractions (F1 to F9) as described above; 226 the phenolic compositions of the resulting fractions are shown in Table 1 . While fractions F1, 227 F2, F8 and F9 contained very low amounts of phenolic compounds (0.3 to 4.3 µg/mL), the F5 228 and F6 fractions had an important proportion of phenolics, with more than 200 µg/mL and 229 100 µg/mL, respectively. Additionally, more than 50% of the phenolic compounds present in 230 the F5 and F6 fractions were identified as red pigments. were represented in all fractions (Table 2 ), but the F5 and F6 fractions contained the highest 236 amounts of these compounds. In the F5 fraction, delphinidin 3-glucoside and petunidin 3-237 glucoside represented 33% and 42%, respectively. In the F6 fraction, delphinidin 3-glucoside 238 was the most abundant anthocyanin, accounting for 72% of all the monoglucosylated 239 anthocyanins (Table 3) . 240
241
Phenotypic screening of red wine fractions with a set of S. cerevisiae deletion 242 mutants 243
The existence of a complete set of S. cerevisiae deletion mutants permits phenotypic 244 genome-wide screenings to be carried out to identify all the nonessential genes that could 245 affect the cellular response to a specific treatment (Giaever, et al., 2002) . In this study, we 246 wished to evaluate the biological effect of red wine polyphenols obtained after the chemical 247 fractionation described above. The limited availability of our polyphenolic fractions made it 248 impossible to carry out a phenotypic screening of the genome-wide set of S. cerevisiae 249 knock-out mutants, and hence we chose a subset of 44 mutants lacking genes involved in 250 redox metabolism and stress defence to assess the effect of the red wine fractions (Table  251 S2). 252
Screening of the wine fractions was performed in both the presence and absence of 253 the pro-oxidants H 2 O 2 and t-BOOH. Our results revealed marked differences among the 254 phenolic fractions when their effect on the growth rate of the S. cerevisiae mutants was 255 analyzed ( Fig. 1 and Supporting Information, Figure S1 ). Fractions F6, F8 and F9 increased 256 the growth rate of about 50% of the mutants in the absence of pro-oxidants. Additionally, 257 fractions F2, F3 and F6 were able to alleviate the cytotoxic effect of hydrogen peroxide in a 258 high number of mutants. Finally, fraction F5 improved the growth rate of most of the mutants 259 in the presence of t-BOOH to a considerable extent (Fig. 1) . Thus, anthocyanin-enriched 260 fractions (especially fractions F5 and F6) were able to improve the growth rate of a higher 261 number of mutants than the other fractions. In order to gain further insight into the protective effect of fractions F5 and F6, we 266 analyzed their ability to increase the growth rate of three selected mutant strains that have 267 been proposed to be adequate models for analyses of oxidative stress; namely, grx5, ahp1 268 and tsa2. In this sense, the mutant grx5, which lacks a mitochondrial glutaredoxin, is 269 hypersensitive to hydrogen peroxide while the ahp1 mutant is unable to grow in the presence 270 (Fig. 3) . The translocation 293 of Msn2-GFP was much faster than that of Yap1-GFP, which occurred approximately 1 hour 294 after the addition of the F5 fraction to the culture. In contrast, the F6 fraction was only able to 295 induce the nuclear translocation of Msn2-GFP, which appeared in the nucleus immediately 296 after the addition of that fraction to the culture (Fig. 3) . In this case, Msn2-GFP moved out to 297 the cytosol after 1 hour but was again localized to the nucleus after two hours. Nuclear 298 localization of both Yap1-GFP and Msn2-GFP were confirmed by DAPI staining of the 299 corresponding samples (Fig. S2) . 300 301 Delphinidin 3-glucoside and petunidin 3-glucoside improve fitness of S. 302 cerevisiae in a Msn2, Msn4 dependent manner. 303
The phenolic fractions F5 and F6 used in our previous analyses indicated a possible 304 mode of action regarding the subcellular localization of both Yap1-GFP and Msn2-GFP. 305
However, to better understand the molecular mechanisms underlying such effects it is 306 important to determine the specific compounds that are responsible of those biological 307 effects. As evidenced by our HPLC analyses, the F5 fraction was mainly composed of 308 petunidin 3-glucoside (Pt3g) and delphinidin 3-glucoside (Dp3g), whereas the F6 fraction was 309 essentially constituted by Dp3g. Consequently, we analyzed the effect of these two phenolic 310 standards over the growth rate of S. cerevisiae in the presence and absence of t-BOOH. We 311 used the parental strain BY4741 and several single, double and triple mutants lacking genes 312 encoding the stress regulators Msn2 and Msn4 (Fig. 4A ) 313
Dp3g increased fitness of S. cerevisiae in SC medium and it clearly alleviated the toxic 314 effect of t-BOOH (Fig. 4B-C) . Moreover, the protective effect of Dp3g seems to be dependent 315 on the presence of both Msn2 and Msn4 because neither the double msn2, msn4 nor the 316 triple msn2, msn4, pnc1 mutants improved their growth rates after Dp3g treatment (Fig. 4) . 317
Indeed, only those mutants lacking both MSN2 and MSN4 were not able to reach a growth 318 rate similar to the BY4741 parental strain when t-BOOH was added to the culture. The same 319 results were obtained when Pt3g was analyzed (data not shown), indicating that both 320 anthocyans may exert identical effects. 321 322 Delphinidin 3-glucoside and petunidin 3-glucoside affect the nucleocytoplasmic 323
trafficking of Msn2 324
Our previous data indicate that stress-responsive factors participate in the biological 325 activity of the wine anthocyanins Dp3g and Pt3g. Therefore we examined the effect of pure 326
Dp3g on the nuclear accumulation of both Yap1-GFP and Msn2-GFP by epifluorescence 327 microscopy (Fig. 5) . Our results revealed that Dp3g was unable to induce the nuclear 328 translocation of Yap1-GFP. However, Msn2-GFP was rapidly localized to the nucleus after 329 the addition of Dp3g to the culture medium. As occurred when the F6 fraction was used, 330
Msn2-GFP again relocalized to the cytosol after 1 hour, and it appeared once again in the 331 nucleus after two hours. These results indicate that the effect of the F6 fraction on the 332 nucleocytoplasmic trafficking of Msn2-GFP could be attributed to the anthocyanin Dp3g. 333
We also investigated the effect of Pt3g on the subcellular localization of both Yap1-334 GFP and Msn2-GFP. In this case, we used either pure Pt3g (Fig. 6 ) or Pt3g combined with 335
Dp3g at the same proportion as observed in the F5 fraction (data not shown), obtaining the 336 same results. Pt3g was also unable to induce the nuclear localization of Yap1-GFP. 337
However, the dynamics of Msn2-GFP resembled those observed when the F5 fraction was 338 used. Thus, Pt3g, either combined with Dp3g or alone, elicited a rapid translocation of Msn2-339 GFP from the cytosol to the nucleus, but the fluorescence was seen in the cytosol after only 340 one hour. In contrast to what was observed with Dp3g, Pt3g did not induce a second nuclear 341 relocalization of Msn2-GFP. 342
343
Transcriptional activation of Msn2 targets induced by Delphinidin-3-glucoside. 344
The nuclear localization of Msn2-GFP upon either Dp3g or Pt3g treatments suggests 345 that the putative target genes of the transcription factor Msn2 should be activated. Therefore, 346
we analyzed the transciption levels of different Msn2 target genes (PNC1, AHP1, TRX2, 347 CTT1) after Dp3g treatment. TRX2 and CTT1, and to a lesser extent AHP1, showed a 348 significant increase in their transcription after the addition of Dp3g to the cultures (Fig. 7) . 349 However, we did not detect a significant variation in the transcription of PNC1. The mRNA 350 levels of the antioxidant genes AHP1, TRX2 and CTT1 increased immediately after the 351 addition of the anthocyanins and decreased rapidly after 30-60 minutes (Fig. 7) . Furthermore, it has been described that some flavonoids including delphinidin exert some of 367 their activities through their binding to receptors at the plasma membrane and activating 368 important signaling pathways without entering the cell (Fridrich, et al., 2008 , Kwon, et al., 369 2009 , Teller, et al., 2009 . 370
To gain further insight into the cellular effects of such phenolic compounds at the 371 molecular level, here we wished to investigate whether the coloured phenolic fractions of red 372 wine might trigger a xenohormetic response in eukaryotic cells. We therefore decided to 373 perform a phenotypic screening with HPLC-fractionated polyphenols in a set of S. cerevisiae 374 deletion mutants lacking the genes involved in redox metabolism. 375 A Tempranillo red wine was fractionated after post-fermentative maceration, and 376 anthocyanin-derived pigments, which are formed during the later steps of the maturation 377 process, were found in a very low proportion. In contrast, monoglucosylated anthocyanins 378 were the red pigments with the highest concentrations in the samples obtained. 379
The effect of the phenolic fractions on the growth of S. cerevisiae mutants was 380 assessed under both non-oxidative and oxidative conditions (using H 2 O 2 or t-BOOH). 381
Fractions F6, F2, F3, and to a lesser extent F7, were the most active fractions as regards the 382 increase in the growth rate of the mutants when H 2 O 2 was included in the analysis; however, 383 among them, only F6 was also able to reduce the cytotoxicity of t-BOOH in a significant 384 number of strains. Surprisingly, fraction F5 abolished the toxicity of t-BOOH in 80% of the 385 mutants analyzed, and was only seen to be inactive in hypersensitive strains such as ahp1. 386
An additional analysis of the F5 and F6 fractions, which were enriched in red pigments, was 387 carried out on the wild-type BY4741 and the ahp1, grx5 and tsa2 mutants of S. cerevisiae, 388 which have been shown to be hypersensitive to oxidants and thus have a constitutive level of 389 oxidative stress. Our results showed that both fractions F5 and F6 conferred protection 390 against the oxidative stress in the mutant strains and did not reveal significant differences 391 between the treatments. Thus, it could be speculated that the molecular mechanism 392 underlying the effect of the red pigments in fractions F5 and F6 may be comparable. The 393 mutant ahp1 is extremely sensitive to hydroperoxides and thus unable to grow in the 394 presence of t-BOOH. 395
Cells adapt to environmental changes by modifying their gene expression patterns, 396 mainly through the activation of transcription factors. Several flavonoids such as resveratrol 397 or curcumin has been proposed to regulate signalling pathways involved in cellular energy 398 supply or stress response in mammals (Howitz & Sinclair, 2008) . Previous studies have 399
shown that green tea polyphenols are able to activate oxidative-stress-responsive 400 transcription factors in yeast (Takatsume, et al., 2005 , Maeta, et al., 2007 . Yap1 and Msn2/4 401 are stress-responsive transcription factors that are localized to the nucleus during oxidative 402 stress or under other starving conditions (Temple, et al., 2005) . We hypothesized that red 403 wine pigments might also promote the nuclear accumulation of those transcription factors, 404 which in turn might trigger the induction of stress-responsive genes and consequently 405 alleviate the effect of oxidative stress. Accordingly, GFP-fusion proteins were used to analyze 406 the subcellular localization of Yap1 and Msn2 upon treatment with fractions F5 and F6. It is 407 remarkable that significant differences were observed between the treatments with fractions 408 F5 and F6; these could be attributed to the different compositions of the phenolic fractions. 409
The effect of the F5 and F6 fractions on Msn2 can certainly be assigned to the 410 monoglucosylated anthocyanins Pt3g and Dp3g. These anthocyanins represent more than 411 75% of the total monoglucosylated anthocyanins in fractions F5 and F6. Indeed, our analyses 412 using pure Pt3g or Dp3g demonstrated that both compounds were able to induce the nuclear 413 import of Msn2-GFP. This effect was completely reversible with Pt3g, as also reported for 414 catechins and green tea extracts (Maeta, et al., 2007) ; however when Dp3g was used, the 415 nuclear localization of Msn2-GFP was recurrent after two hours. The structural difference 416 among the anthocyanins tested is the substitution in the B ring. Dp3g contains a 417 gallocatechol structure (3'-, 4'-, and 5'-hydroxyl groups) whereas Pt3g contains two hydroxyl 418 groups and one methoxyl group. This variation might be relevant for explaining the behaviour 419 of the two anthocyanins examined here. In fact, in a previous study the authors proposed that 420 it is mainly the presence of the gallocatechol group that determines the prominent in vitro 421 antioxidant potential of Dp3g (Garcia-Alonso, et al., 2004) and it might also be responsible for 422 the antiangiogenic properties of delphinidin (Lamy, et al., 2006) . Therefore, the structure of 423 Dp3g provides a chemical reducing potential, which might be responsible of the periodicity in 424 the nucleocytoplasmic trafficking of Msn2-GFP when either F6 or Dp3g was used. 425 Both Dp3g and Pt3g improved fitness of S. cerevisiae and induced a significant 426 resistance to oxidative stress. Moreover, this effect is completely abolished in mutant strains 427 lacking both MSN2 and MSN4 genes, indicating that both transcription factors are involved in 428 the biological activity of these wine anthocyanins. This suggests that both Dp3g and Pt3g 429 might induce a xenohormetic response in S. cerevisiae that is related to the environmental 430 stress response (Gasch, et al., 2000, Causton, et al., 2001) . In this sense, it has been 431 described that the nuclear accumulation of Msn2 induces the expression of PNC1, a 432 nicotinamidase gene that regulates sirtuin activity and extends life-span (Medvedik, et al., 433 2007 ). However, we found that Dp3g did not cause a significant change in the transcription 434 level of PNC1 after 1 hour of treatment, although Msn2-GFP is effectively localized to the 435 nucleus. Again, this suggests that Dp3g triggers a specific xenohormetic response through 436 Msn2/Msn4, that was mainly related to the antioxidant defence as evidenced by the 437 increased transcription of the antioxidant genes TRX2, AHP1 and CTT1, which are also 438
Msn2 targets (Schmitt & McEntee, 1996) . Indeed, the induction of AHP1 expression after 439
Dp3g treatment is consistent with the hypersensitivity to hydroperoxide of the ∆ahp1 strain 440 and the ineffectiveness of the polyphenols to rescue the growth capacity of this mutant. The 441 activation gene expression kinetics resembles that of the environmental stress response and 442 it might be speculated that these plant polyphenols could activate an adaptive response in S. 443 cerevisiae as described for the acquired stress resistance (Berry & Gasch, 2008) . 444
The effect of the F5 fraction on Yap1 cannot be attributed to either Pt3g or Dp3g. In 445 this case, other constituents of the F5 fraction such as flavonols, which represent 35% of the 446 total phenolic composition, could be responsible for the relocalization of Yap1. In this sense, 447 previous studies have reported a pro-oxidant activity of catechins and other flavanols present 448 in green tea, which may trigger the intramolecular disulphide bonding of Yap1 and hence the 449 nuclear localization of Yap1 (Maeta, et al., 2007 , Wang, et al., 2009 n. d., not detected. Dp-3-glc, delphinidin-3-glucoside; Cy-3-glc, cyaniding-3-glucoside; Pt-3-glc, petunidin-3-glucoside; Pn-3-glc, peonidin-3-glucoside; Mv-3-glc, malvidin-3-glucoside. 
